Abstract The northern Canadian Cordillera (NCC) is an active orogenic belt in northwestern Canada characterized by deformed autochtonous and allochtonous structures that were emplaced in successive episodes of convergence since the Late Cretaceous. Seismicity and crustal deformation are concentrated along corridors located far (>200 to~800 km) from the convergent plate margin. Proposed geodynamic models require information on crust and mantle structure and strain history, which are poorly constrained. We calculate receiver functions using 66 broadband seismic stations within and around the NCC and process them to estimate Moho depth and P-to-S velocity ratio (V p /V s ) of the Cordilleran crust. We also perform a harmonic decomposition to determine the anisotropy of the subsurface layers. From these results, we construct simple seismic velocity models at selected stations and simulate receiver function data to constrain crust and uppermost mantle structure and anisotropy. Our results indicate a relatively flat and sharp Moho at 32 ± 2 km depth and crustal V p /V s of 1.75 ± 0.05. Seismic anisotropy is pervasive in the upper crust and within a thin (~10-15 km thick) sub-Moho layer. The modeled plunging slow axis of hexagonal symmetry of the upper crustal anisotropic layer may reflect the presence of fractures or mica-rich mylonites. The subhorizontal fast axis of hexagonal anisotropy within the sub-Moho layer is generally consistent with the SE-NW orientation of large-scale tectonic structures. These results allow us to revise the geodynamic models proposed to explain active deformation within the NCC.
Architecture of the crust and uppermost mantle in the northern Canadian Cordillera from receiver functions
Introduction
The northern Canadian Cordillera is a high-elevation, low-relief orogenic belt in northwestern Canada (Figure 1a) . It is one of the most seismically active regions in North America, where earthquakes are distributed within four main corridors: the Denali Fault-St. Elias system to the southwest, the Mackenzie Mountains~800 km to the east, the Richardson Mountains to the north, and to a lesser extent the Tintina Fault area across central Yukon . Lateral strike-slip earthquakes dominate the most active corridor along the transpressive Denali Fault system, with some thrust earthquakes accommodating the north directed convergence of the Yakutat Block in southeast Alaska. The other corridors are much farther away from plate boundary forces, yet they exhibit active seismicity with large historical earthquakes (e.g., the magnitude M 6.9 Nahanni earthquake in 1969) [Wetmiller et al., 1988] .
Tectonic models have been developed to describe such deformation. One of the leading models, referred to as the "orogenic float" model [Oldow et al., 1990] , proposes a thin and rigid upper crustal layer, decoupled from the underlying weak lower crust and mantle due to elevated geotherm, which is pushed horizontally at the plate boundary to the west and transmits stresses throughout the Cordillera [Mazzotti and Hyndman, 2002; Hyndman et al., 2005] . The compressive stresses reactivate the Mesozoic fold-andthrust belt at the Cordilleran Deformation Front, which generates seismic activity far from the plate boundary. The orogenic float model is supported by numerous geophysical observations that indicate a flat, shallow Moho (~35 km depth [e.g., Clowes et al., 2005] ), elevated upper mantle temperatures [e.g., Lewis et al., 2003] , and low effective elastic thickness (<10 km [e.g., Flück et al., 2003; Audet et al., 2007] ) pointing to a mechanical decoupling between a strong upper crust and a weak lower crust and uppermost mantle. Under this framework, recent tectonics of the cordillera should result in decoupled structures, limited to the upper crust. potential energy, boundary forces from relative plate motions, and basal tractions caused by mantle flow. Their results suggest that present-day deformation of the external domains (central, northern, and western parts of the Cordillera) result from a regional southward mantle flow deflected eastward into the northern Canadian Cordillera, with a flow rate decreasing toward the Cordilleran Deformation Front. This model predicts that stresses are propagated throughout the whole lithosphere, with strongly coupled upper crust, lower crust, and upper mantle, in apparent contradiction with the orogenic float model and thermalrheological models of lithospheric strength.
Because both end-member models can explain the first-order patterns of surface deformation data (e.g., GPS), discriminating between them is contingent upon accurate structural information of the crust and uppermost mantle beneath the Cordillera. In particular, one of the key constraints is crustal thickness. Active source seismic studies carried out as part of Lithoprobe project [e.g., Clowes et al., 2005] indicate that the crust is~35 km thick along the seismic profiles, but spatial coverage is sparse. Additionally, important structural information can be obtained from estimates of seismic anisotropy. Within the orogenic float framework, shearing along a weak lower crustal detachment should impart a strong mineral fabric and give rise to elastic anisotropy, which can be deciphered using seismic data. However, there are currently few constraints on seismic anisotropy of the crust in the northern Canadian Cordillera [e.g., Rasendra et al., 2014] . In addition, characterization of the anisotropy in the uppermost mantle beneath the Cordillera may help discriminate between small-scale convection, proposed as a mechanism for the orogenic float elevated geotherm [Currie and Hyndman, 2006] , and large-scale mantle flow, resulting in crustal deformation [Finzel et al., 2015] and elevated geotherm at the edge of the craton [e.g., Bao et al., 2014] .
In this study, we use scattered teleseismic P waves (i.e., receiver functions) to study both the structure and anisotropy of the crust and uppermost mantle in the northern Canadian Cordillera, in order to evaluate the validity of the proposed tectonic models. Receiver functions are sensitive to scale lengths of 1-10 km and are therefore ideal to resolve crust and mantle stratification. These new seismic data benefit from increased coverage of broadband seismic stations due to recent and ongoing deployments (e.g., Yukon-Northwest Seismograph Network; Transportable Array of USArray; Figure 1b ), which dramatically improves the resolution and accuracy of seismic velocity models. 
Journal of Geophysical Research: Solid Earth

10.1002/2017JB014284
We first review the geology and tectonic setting of the area in section 2, followed by a description of the methodology employed to calculate receiver functions. After briefly describing observable features in receiver function data that offer some insight into the complexity of subsurface structure in section 3, we perform postprocessing of the receiver functions to extract meaningful structural information. We focus on three complementary approaches: H-κ stacking to recover Moho depth in section 4, harmonic decomposition to visualize the seismic anisotropy signals as a function of depth in section 5, and forward modeling of receiver function data for selected stations in section 6 to provide semiquantitative estimates of structural properties, which can be extrapolated to other stations via their harmonic component signatures.
Tectonic Setting
The Canadian Cordillera is a Phanerozoic mountain belt that extends from the Canada-U.S. border in the south to the Beaufort Sea and Alaska in the north [Johnston, 2008] . Although the Cordillera has similar physiography along its length, there are different neotectonic regimes acting on this area mainly due to variations in plate tectonic interactions at its western margin . The tectonic history of the Canadian Cordillera extends back around 750 Ma [e.g., Monger and Price, 2002; Nelson and Colpron, 2007] , including the late Neoproterozoic-Early Cambrian breakup of Laurentia and formation of a passive margin that is preserved today within the eastern Canadian Cordillera, several subduction and collision episodes throughout the Mesozoic, major transpressive phases leading to the formation of the lithospheric-scale Tintina and Denali Fault systems during Late Cretaceous-Eocene, and recent terrane accretion and large-scale transpressive deformation. The Liard transfer zone (LTZ) is an important structural transition oriented approximately NE-SW inherited from the asymmetric rifted margin of Laurentia in the late Proterozoic [Hayward, 2015] . It marks the boundary between former footwall (to the north) and hanging wall (to the south) and separates the northern from the southern part of the Canadian Cordillera [Cecile et al., 1997] . Figure 1a shows the main belts making up the northern Canadian Cordillera as a result of this complex evolution.
Contemporary tectonics of the northern Canadian Cordillera are dominated by the oblique collision of the Yakutat Block with North America, which has contributed to the building of the tallest mountains in North America (Fairweather and St-Elias-Chugach Mountains) . According to seismicity and Global Positioning System (GPS) data, the collision of the Yakutat Block (circa 50 mm/yr) results in a complex partition of the deformation with significant shortening and lateral extrusion in southeastern Alaska, whereas southwestern Yukon is affected by the indentation effect of the collision syntaxis [e.g., Leonard et al., 2008; Elliott et al., 2013; Maréchal et al., 2015] . The most recent GPS and tectonics data also suggest that strain transfer from the collision front to the Canadian Cordillera is probably significantly smaller than originally proposed in the orogenic float model, with very slow (1-2 mm/yr) transpressive motion along the Denali Fault in Yukon and only 1-2 mm/yr of eastward motion in the central Cordillera [e.g., Maréchal et al., 2015] .
Receiver Functions
Data Processing
We calculated receiver functions for 66 broadband seismograph stations located in northwestern Canada and eastern Alaska, in a region that stretches over 1600 km through the northern Canadian Cordillera and across the adjacent Canadian Shield (Figure 1b ). Among these stations, 21 are from the permanent Canadian National Seismograph Network (CN; 17) and Alaska Regional Network (AK; 4) that have been continuously recording for several years up to over a decade. We used six stations of the Yukon-Northwest Seismograph Network (NY) installed in the summer of 2013 and nine stations from the Transportable Array (TA) network that started recording data in southwestern Yukon in the fall of 2015. These recent additions represent a twofold increase in the number of stations covering the northern Canadian Cordillera, but more importantly they fill a gap in the central portion of the Cordillera. We also included stations from the relatively densely spaced (average spacing of~50 km), temporary Canadian Northwest Experiment deployment (CANOE, network code XN). These stations were in operation for 1. effects of the sedimentary layers may contaminate results for these stations, and we ignore the results for these stations.
Three-component seismograms are collected for all events with moment magnitude superior to 5.5 in the epicentral distance range 30°-90°that occurred between 2003 and 2016 (supporting information Figure S1 ). The back azimuth range between 120°W and 165°W is generally poorly sampled. For each event we use the velocity model iasp91 [Kennett and Engdahl, 1991 ] to extract 120 s windows centered on the predicted teleseismic P wave arrival time. The vertical and horizontal (radial and transverse) components of motion are decomposed into upgoing P, S V (vertically polarized shear), and S H (horizontally polarized shear) wave modes [Bostock, 1998 ] assuming a surface P wave velocity of 6.0 km/s and V p /V s of 1.75. We retain seismograms with P component signal-to-noise ratios superior to 5 dB over the first 30 s, measured in the 0.05-1 Hz frequency band. Individual single-event seismograms are processed using the receiver function method. We use the P component as an estimate of the source wavelet to deconvolve the S V and S H components using a modified Wiener spectral deconvolution, where the regularization parameter is calculated from the preevent, covariant noise spectrum between vertical and horizontal components to reduce contamination from seasonal noise effects [Audet, 2010] . Final receiver functions are filtered using a second-order Butterworth filter with corner frequencies of 0.05-0.5 Hz and are subsequently stacked into 10°back azimuth and 0.002 s/km slowness bins.
Receiver functions represent P-to-S converted signals generated from seismic velocity contrasts at depth and are typically used to map the crust-mantle boundary on continents [e.g., Xu et al., 2007; Piana Agostinetti and Amato, 2009] . For simple continental structure (Moho depth < 50 km) the direct, primary P-to-S conversion (Ps) from the Moho interface generally arrives within 5 s of the direct P wave phase. Later arrivals are due to either deeper (i.e., upper mantle) interfaces or reverberations from free-surface reflections that generate secondary P-to-S conversions. These include the Pps (or PpPs) and Pss (or PpSs + PsPs) arrivals between 15 and 20 s following the direct P wave phase for a Moho depth of~40 km. In general, the projection of signal onto the S V and S H components gives constraints on the structural complexity of the underlying medium. If the crust were uniform and isotropic with a flat Moho, part of the P wave would be converted onto the S V component of motion but not onto the S H component, for any back azimuth of incoming wave field. The absence of signal on the S H component is therefore a clear indication of an isotropic medium containing only flat layers. In this case the amplitude of the S V component would show an increase in Ps amplitude with increasing slowness (increasing angle of incidence or decreasing distance from the source). The presence of S H energy and back azimuthal variations in S V amplitude imply either structural heterogeneity (e.g., dipping interface or layer) or anisotropy, or both [Cassidy, 1992; Levin and Park, 1997; Savage, 1998; Frederiksen and Bostock, 2000; Audet, 2015] .
It is typically very difficult to distinguish between the effects of dipping layers and anisotropy as they can produce similar patterns in both the S V and S H components [e.g., Porter et al., 2011] , except for special cases [Licciardi and Piana Agostinetti, 2016] . For models characterized by a dipping interface (or layer) with different velocities across it, or by a horizontal interface separating an isotropic medium from one characterized by hexagonal anisotropy with a dipping fast or slow axis of symmetry, we expect to see periodic variations in amplitude over 360°in back azimuth and a 90°shift between S V and S H amplitude patterns [Porter et al., 2011; Bianchi et al., 2010; Audet, 2015] . For anisotropy models with near-horizontal axis of hexagonal symmetry, the periodicity becomes 180°. Models with near-vertical axis of symmetry produce little variations in back azimuth due to poor sampling by steeply incident teleseismic P waves. For all other cases of anisotropy (e.g., lower order of elastic symmetry), the patterns can be much more complex. In any case, knowledge of the geology can help to distinguish between these scenarios.
Results
Figures 2-4 show radial and transverse component receiver functions for stations MMPY, WHY, and NBC3, respectively. These stations provide good examples of signal complexity in our data set. MMPY is located in the central part of the northern Canadian Cordillera, southwest of the Mackenzie Mountains and east of the Tintina Fault, whereas WHY is located in southwest Yukon between the Tintina and Denali Faults ( Figure 1b The maximum positive amplitude on the radial component at roughly 4 s is interpreted as the direct Ps conversion from a downward seismic velocity increase associated with the Moho, with a corresponding low-amplitude, positive Pps arrival at~15 s and a faint negative Pss arrival at 18-20 s. The negative pulse at~5.5 s could represent a slightly deeper interface with a downward decrease in seismic velocity, suggesting the presence of a high-velocity layer beneath the Moho. There is also an indication for a shallow interface in the crust shown by the low-amplitude positive pulses at~0.5-1.5 s. In addition, variations in the timing and amplitude of signal with back azimuth on both the radial and transverse components indicate pervasive directional structure (either dipping interface or anisotropy). The early positive arrival is maximum at back azimuths~130°-150°(at 1.5 s) and~270°-300°(at~0.5 s), suggesting anisotropy in the shallow crust. The Moho signal and the associated negative arrival at~5.5 s both display maximum amplitude at back azimuth~270°on the radial component, whereas the transverse component shows large moveout with back azimuth and a change in polarity.
Receiver functions for station WHY (Figure 3 ) show similar patterns: positive Ps signals at~1 s and~4 s from upper crustal and Moho discontinuities, respectively, and a negative arrival at~5.5 s, presumably from a subMoho discontinuity with a downward negative impedance contrast. The positive Pps and negative Pss signals associated with the Moho are less visible on the stacks of the radial component (expected at~15 and~20 s), possibly due to interference with Ps arrivals from deeper seismic discontinuities or from the scattering effect of topography and relief on free-surface reverberations. Directional variations in receiver function amplitudes are also visible on both the radial and transverse components, with higher amplitudes compared with those 
Journal of Geophysical Research: Solid Earth
10.1002/2017JB014284
observed at MMPY. For example, the positive-negative signals at~4-6 s on the radial component are strongest at back azimuth~250-260°. Between 7 and 13 s, high-amplitude scattering with directional moveout and polarity changes are observed on both the radial and transverse components within the back azimuth range~240°-360°. An interesting polarity reversal occurs simultaneously on both components at back azimuth~300°, which is difficult to reconcile with simple heterogeneity (i.e., dipping layer) or hexagonal anisotropy and suggest a relatively small anisotropic volume sampled by these data. These observations suggest that signals from deep (i.e., upper mantle) and shallow (i.e., crustal) structure may be tangled up and can be difficult to distinguish from visual inspection.
Receiver functions for station NBC3 (Figure 4 ) are visibly different. The positive pulse with maximum amplitude arrives at~1-2 s and does not coincide with the expected Moho arrival. The early arrivals alternate between strong positive and negative pulses that are typical of reverberations originating from a thick and shallow, low-velocity sedimentary basin [Frederiksen and Delaney, 2015] , which completely mask the Moho signals. Although the azimuthal coverage is not optimal, the presence of anisotropy is visible between 4 and 6 s as polarity reversals on the radial component. The scattering appears much stronger on the radial component for events with back azimuths between 90°and 180°. Transverse component signals are largely incoherent.
Moho Sharpness and Layering
The sharpness of the Moho provides important constraints on the processes that control lithospheric evolution [Levin et al., 2016] . A simple way to characterize Moho sharpness is by looking at the variations in the shape of the Moho signal at increasing frequency. A vertical step change in seismic property yields a pulse with progressively decreasing width with increasing frequency (i.e., property of a delta function). The frequency at which the pulse width stops decreasing can be used to characterize the width of a vertical velocity gradient, whereas layering will produce distinct pulses at increasing frequency. Figure 5 shows stacks of radial receiver functions at four stations (MMPY, WHY, FARO, and EPYK) and sorted by increasing high corner frequency of the band pass filter. The stacks are windowed between 2 and 8 s to encompass the Ps conversion from the Moho. The maximum frequency at which the pulse size stops decreasing is~1.75 Hz for all stations; this result is typical of Moho signals over the entire network. These frequencies correspond to shear wavelengths of 2.1 km, resulting in a maximum vertical extent over which seismic properties change at the Moho of 1-2 km [Levin et al., 2016] , thus indicating a seismically sharp Moho.
Stations MMPY, WHY, and FARO also display a negative arrival around~1 s following the positive Moho arrival, as outlined previously. The two separate arrivals are more visible, and the time separation is better constrained at frequencies above 1.75 Hz, which allows us to estimate the thickness of a high-velocity layer immediately beneath the Moho. The time separation between two vertically propagating P-to-S converted waves from horizontal boundaries separated by h is Δt ¼
VS within the sub-Moho layer. Assuming seismic velocities of uppermost mantle lithosphere within the layer (V S = 4.3 km/s, V p = 7.8 km/s), we obtain h ≈ 10 km. Stations WHY and EPYK display additional positive pulses at frequencies >1 Hz, indicating a more complex layered structure around the Moho as compared with stations MMPY and FARO.
H-κ Stacking
Processing
The H-κ stacking technique developed by Zhu and Kanamori [2000] provides point estimates of Moho depth (H) and bulk crustal V p /V s (κ) beneath each station. The procedure is based on stacking the amplitude of moveout-corrected traces for S V converted phases (Ps, Pps, and Pss) in the receiver functions for a given model and searching through a range of parameters for the model that maximizes the weighted sum of the phase stacks. This is expressed as
where A S is the weighted sum and w i are the arbitrary weights. This method works well for layered, isotropic media where the Moho is flat and lithospheric structure is simple. In the Cordillera, the Moho signals, in particular the free-surface reverberations, can be disrupted or masked by arrivals from shallower or deeper interfaces or anisotropy (e.g., Figure 5 ) or may suffer from topographic scattering effects.
We therefore modify the Η-κ stacking technique to mitigate some of the problems associated with complicated signals, as follows: Prior to creating individual phase stacks, we filter direct conversions at higher frequencies (0.1-0.5 Hz) than reverberations (0.1-0.35 Hz) [e.g., Audet et al., 2010] . We use the technique of Schimmel and Paulssen [1997] for stacking individual moveout-corrected phases to improve stack coherency. After constructing each phase stack for Ps, Pps, and Pss, we keep amplitude information that matches the polarity expected for conversions caused by a downward velocity increase at the Moho. This involves setting to 0 negative amplitudes in the Ps and Pps stacks and positive amplitudes in the Pss stack. We then multiply the phase stacks (reversing the sign of the Pss stack) instead of performing a weighted sum and obtain a more coherent final stack that contains minimal interference from undesired arrivals. Mathematically, this can be expressed as
where A M is the resulting product, and the superscripts (+ or À) denote the sign of amplitudes kept in each phase stack. Examples for stations MMPY and WHY and a comparison with the standard, weighted sum method are provided as supporting information (Figures S2-S5 ). 
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We use a one-dimensional seismic velocity model containing a single, uniform crustal layer over a mantle half space with crustal P wave velocity of 6.0 km/s to compute traveltimes from analytical solutions, although the results are only weakly sensitive to variations in P wave velocity [Zandt and Ammon, 1995] . Because data quality is variable within the network, we generally use a combination of two to three phases (Ps with either Pps and/or Pss) depending on the quality of the stacks and our ability to identify each scattered phase separately in the receiver function data. Since we use multiplication instead of averaging, we do not need to weigh phase stacks individually. Uncertainties in Moho depth and V p /V s values are estimated from the flatness of the stack around the solution [Zhu and Kanamori, 2000] and are defined by the 0.5 contour of normalized stack amplitude. Analysis of formal errors (1 À σ) based on the bootstrap method gives similar estimates. Figure 6 shows the final stacks for stations MMPY and WHY obtained using the standard weighted sum and the product of the cleaned stacks. For the standard application, we use weights of 0.5, 2, and À1 for the Ps, Pps, and Pss phase stacks, respectively, for station MMPY, and weights of 0.2, 2, and À1 for station WHY. The different choice of weights for Ps reflects the need to amplify the much weaker reverberated phases (Pps and Pss) for station WHY; otherwise, the final stack is dominated by the Ps stack and does not yield a clear maximum. The modified method produces a much cleaner final stack and more precise estimates. Visual inspection of these plots indicates similar estimates of H-κ parameters for both techniques but much higher uncertainties using the standard approach. However, for stations on top of thick sedimentary layers, both H-κ stacking techniques may still produce erroneous results (cf. Figures S6 and S7 where a clear Ps phase cannot be identified at the presumed Moho depth).
Results
To evaluate the sensitivity of Moho depth to the estimated V p /V s , we also measured Moho depth by assuming a uniform V p /V s of 1.73 for all stations in the network and using only the P S information, which is the best resolved and least ambiguous phase in receiver function data. We therefore produced two maps of Moho depth that are shown in Figures 7a and 7b . Due to the contaminating effect of shallow, thick (i.e., 1-10 km), and low-velocity sedimentary layers on the recovery of crustal parameters from receiver functions, we discard all stations located in regions where sediment thickness is >1 km, which are mainly located in the foreland basin to the east of the Cordilleran Deformation Front. Figures 7d and 7e show histograms of the recovered Moho depth values for the entire network (black) and for stations located in the northern Cordillera (orange), for both the variable and fixed V p /V s estimates. We find a Table S1 lists the individual H-κ results for the stations located within the northern Cordillera.
Journal of Geophysical Research: Solid Earth
Harmonic Decomposition
To better visualize crustal and uppermost mantle structure beneath individual stations, receiver functions are decomposed into back azimuth harmonics, a technique proposed by Bianchi et al. [2010] and slightly modified by Audet [2015] .
Processing
Before performing the decomposition, we map S V and S H receiver functions from time to depth using the crustal P wave velocity model LITH5.0 [Perry et al., 2002] , which is a low-resolution compilation of seismic velocities based on Lithoprobe data. We set S wave velocities using a V p /V s of 1.75, but note that the crustal seismic velocity model only has a weak influence on the results. For the decomposition we assume that at every depth interval, the S V and S H receiver function amplitudes can be expressed as a sum of cos(kφ) and sin(kφ), where k is the harmonic degree and φ is the back azimuth. We limit our analysis to the first three harmonic degrees (k = 0, 1, 2), resulting in five harmonic components. The first term A, corresponding to k = 0, represents the mean amplitude of the radial component of the receiver functions over all back azimuths. This term contains information on the isotropic background velocity structure of the medium, with possible secondary effects from anisotropy or structural heterogeneity superimposed. B || and B ⊥ are the terms for k = 1 presenting a periodicity of 360°in back azimuth. They are mainly sensitive to the presence of a dipping interface or anisotropic layering with a plunging fast or slow symmetry axis [Piana Agostinetti et al., 2011; Audet, 2015] . The last two terms C || and C ⊥ are for k = 2 presenting a periodicity of 180°. They indicate a structure characterized by an anisotropic layer with a dominantly horizontal symmetry axis [Shiomi and Park, 2008; Bianchi et al., 2010; Audet, 2015; Cossette et al., 2016] . A medium characterized by a vertical axis of hexagonal symmetry will not produce signal on the k = 1 and 2 components.
Using this construction, the coordinate system defined by zero-phase sine and cosine functions is aligned with the N-S and E-W geographic axes [Bianchi et al., 2010] . This implies that structures (e.g., dipping interface) with a dominant N-S or E-W orientation generate S V and S H signals whose amplitude variations with back azimuth are fully mapped onto one of the two k = 1 components (i.e., the complementary k = 1 component contains no signal). In contrast, dipping structures or anisotropy with a dominant orientation oblique to the N-S/E-W frame of reference generates S V and S H signals that are projected onto both k = 1 components. Thus, we can determine the optimal orientation of the coordinate system that coincides with the dominant orientation of structure by minimizing the energy on a particular k = 1 component over a certain depth range, under rotation of the frame of reference. This step introduces an additional azimuth parameter α, which corresponds to the nonzero phase of the sine and cosine functions [Audet, 2015; Cossette et al., 2016] . In this study we minimize the energy on B || ; thus, the resolved orientation α is aligned with either the strike of a dipping interface or the fast axis of hexagonal symmetry [Audet, 2015; Cossette et al., 2016] .
Based on receiver function data (sections 3.2 and 4.2), we define two distinct depth ranges: 0 to 30 km (roughly the surface to Moho depth) and 30 to 60 km (mostly the lithospheric mantle). This procedure hampers our ability to characterize intracrustal and sublithospheric variations in the orientation of anisotropy, and the recovered azimuth therefore represents the orientation of the dominant source of anisotropy within each depth range. For the crust interval, the B ⊥ and C ⊥ components show large positive pulses at~8-10 km and~5 km, respectively; for the mantle interval, large positive-negative pulses are found between 30 and 60 km on the B ⊥ and C || components. The strong amplitude on the k = 2 component suggests that the sub-Moho layer is elastically anisotropic (as opposed to reflecting dipping structure) and that the plunge of the symmetry axis is low (near-horizontal axis). These results indicate directional structures with different orientation in the shallow upper crust and below the Moho.
Results
In contrast, the harmonic components for station WHY indicate a dominantly isotropic crustal layer, as shown by the weak amplitude signal on the k = 1, 2 terms (Figures 8c and 8d) . The azimuths α from the shallow and deep intervals are estimated at 230°and 306°, respectively, again reflecting shallow and deep structure with different directionality. Interestingly, the various harmonic components estimated for the deep interval show only modest amplitudes, in contrast to receiver function data described in section 3.2. This may reflect the large directional moveout that interferes destructively and decreases the amplitude of the harmonic terms. Nevertheless, the signals on the B ⊥ and C || components are roughly similar to that observed for MMPY, indicating similar sub-Moho structure.
The azimuths α at both depth ranges estimated from the harmonic decomposition for all stations are shown in Figure 9 , with the length of the bars proportional to the variance of the signal on the B ⊥ component. To a first order, the Cordillera is characterized by a NW-SE orientation of α in the shallow (crust) depth range, roughly parallel to the Tintina and Denali Faults, whereas orientations of sub-Moho structures vary more largely between NE-SW and NW-SE. Figure 10 shows the harmonic decomposition for stations along the CANOE line that follows the southern limit of the northern Cordillera (see Figure S8 for a complementary SW-NE profile). We select stations located at a maximum orthogonal distance of 100 km from the line in order to avoid distortion caused by possible 3-D structure. Since the parameter α changes along the line and for the two depth intervals (cf. Figure 9) , we cannot set a decomposition that optimizes the signal on one of the k = 1 components for all stations. Instead, we perform the harmonic decomposition using α = 0 for all stations, thereby letting the directional variability express itself as lateral variations in both k = 1 (and k = 2) components. In this case the B || and B ⊥ components represent signal projected onto the N-S and E-W directions, respectively. 
CANOE Profile
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The Moho signal is clearly expressed at a depth varying between 30 and 35 km, with slight variations along the profile (component A). Signals from shallow discontinuities appear more prominently toward the eastern part of the profile and are associated with an apparent deepening of the Moho and the appearance of 
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sedimentary layer signatures (stations B01-B03). Below the Moho, pervasive negative pulses indicate the presence of the negative velocity contrast at~40-45 km, as well as a number of coherent but lowamplitude negative pulses associated with negative velocity contrasts dipping toward the west. The subMoho layer, observed in the receiver functions for individual stations (Figures 2, 3 , and 5), appears continuous along the profile.
On the k = 1 and 2 harmonics, the signals do not appear as coherent. The dominant signals are observed on the B ⊥ component, but the shape and polarity of the corresponding pulses are highly variable and do not show a consistent pattern. Anisotropy is disparate along the line: some stations show no or little anisotropy (e.g., station B12); others have more anisotropy either in the crust (e.g., station B10) or in the sub-Moho layer (e.g., station WHY). Overall, the anisotropy is more pronounced in the upper half part of the crust. There is strong amplitude on the k = 2 terms with coherent smaller scale patterns, which can be observed at shallow depth, however at much lower amplitude.
Modeling
The harmonic decompositions demonstrate the complexity in subsurface structure but provide limited insight into quantitative models of crust and upper mantle properties. In this section we provide first-order, semiquantitative constraints on the seismic velocity structure and anisotropy of the crust and upper mantle by modeling synthetic receiver functions. The goal is to construct the simplest seismic velocity model consistent with observed data, whose harmonic component signature can then be extrapolated to other stations within the network. The seismic velocity models incorporate estimates of crustal properties determined in previous sections, adding complexity (sub-Moho layer, anisotropy) that matches the harmonic components from both observed and synthetic data.
We generate synthetic receiver functions by modeling plane wave propagation through a stack of homogeneous, anisotropic and flat layers using the reflectivity technique of Kennett [1983] and Thomson [1996] , in a manner similar to Cossette et al. [2016] . The seismic velocity models are constructed from any number of isotropic or anisotropy layers. Each isotropic layer is characterized by four values: thickness, density, and P and S wave velocities. We model seismic anisotropy with either a fast or slow axis of hexagonal symmetry. The anisotropy is parameterized by the percent anisotropy and the trend and plunge of the symmetry axis, for a total of seven parameters for the layer. Synthetic receiver functions are generated at the same back azimuth and slowness range as the observed data and are also postprocessed using the harmonic decomposition technique.
The number of parameters to explore increases rapidly with the number of layers and the inclusion of anisotropy. The results are inherently nonunique due to incomplete and biased sampling of the subsurface by receiver function data. Therefore, instead of performing a Monte Carlo style parameter search, we build our models incrementally based on the simplest structure that can explain the data: first Moho depth and crustal V p /V s values are extracted from the H-κ results to produce the simplest structure that reproduces the main receiver function signals; then we use the harmonic components to guide the construction of more complex subsurface models by adding layers or anisotropy, while keeping Moho depth and crustal V p /V s values fixed. a Crustal thickness and P-to-S velocity ratio in the crust are taken to match the results obtained from the H-κ stacking technique (Table S1 ). A negative/positive percent anisotropy implies a slow/fast axis of hexagonal symmetry oriented along trend (clockwise from north) and plunge (downward from horizontal) directions.
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We model receiver function data for stations WHY and MMPY, since they are unaffected by sediments and are representative of data complexity observed in the network. The final velocity models and synthetic receiver functions (compared to the observed ones) are shown in Table 1 and Figure 11 (cf. also Figures S9 and S10 ). Both the synthetic receiver functions and the associated harmonic components appear to match the observed data reasonably well, although the latter contain additional signals that are not captured by our simple model, especially for station WHY, consistent with receiver function complexity observed previously (Figure 3) . Nevertheless, this simple approach shows that receiver function data are consistent with a thin (~8 km) and variably anisotropic upper crustal layer, as well as a~10 km sub-Moho high-velocity anisotropic layer characterized by a low-plunging fast axis of hexagonal symmetry.
Discussion
Crustal Structure
Our results indicate that the Moho is sharp and relatively flat with an average depth of 32 ± 2 km depending on the crustal V p /V s value (Figure 7) . The Moho depths imaged using the harmonic decomposition (Figure 8 ) are consistent with these results and also agree with Moho values of 30-35 km found in previous seismic studies [e.g., Lowe and Cassidy, 1995; Clowes et al., 2005; Calvert, 2016] . The Moho depth apparently increases toward the Cordilleran Deformation Front to the southeast of the study area (Figure 12 ). The flatness and sharpness of the Moho signature are consistent with the removal of crustal roots and Moho topography from past tectonic events by lower crustal shearing or delamination, both requiring a hot geotherm over the whole Cordillera [Hyndman and Currie, 2011] .
Spatial variations in crustal properties are shown by the variability of the V p /V s ratio and, mostly, of seismic anisotropy. The mean V p /V s ratio is 1.75 with a standard error on the mean of 0.05 (Figure 9 ), within a range of typical values for the crust [Zandt and Ammon, 1995] . Variations at short spatial scales likely indicate strong heterogeneity in the composition of the Cordilleran crust. The receiver function data display a shallow interface at~8-10 km depth (Figures 2 and 3 ) that is not continuous along the southern profile and with a Table 1 for details). Figures 11c and 11f show the nature of each layer, where shaded areas (corresponding to those in Figures 11a,  11b , 11d, and 11e) indicate anisotropic layers, with either a slow (light gray) or fast (darker gray) axis of hexagonal symmetry as indicated by the arrows and symbols.
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stronger signal toward the Cordilleran Deformation Front (Figure 10 ). The harmonic decomposition of the receiver functions highlights a significant anisotropy in the crust, principally in the upper 10-15 km (Figures 9-11 ). Although the fast axis azimuths are, to a first order, generally oriented NW-SE, significant spatial variations exist in the amplitude and direction of the anisotropy (Figures 9 and 10) , consistent with the much more spatially limited study of Rasendra et al. [2014] . The source of this anisotropy could be due to the presence of fractures in the upper crust or mica-rich mylonites around faults, although we cannot rule out the presence of dipping structures that could give rise to similar signals. Regardless of its origin, the overall anisotropy direction is consistent with the trends of the Tintina and Denali Faults and with the overall structural grain of the Cordillera terranes, potentially reflecting the effect of lateral amalgamation of crustal material during convergence, as inferred from previous active and passive seismic studies [Clowes et al., 2005; Rasendra et al., 2014; Calvert, 2016] .
Uppermost Mantle Structure
We find a sub-Moho interface characterized by a negative pulse with a high amplitude at~5.5 s on the receiver functions (Figures 2, 3 , and 5), suggesting that this layer has a high seismic velocity relative to that of the underlying uppermost mantle. The thickness of the high-velocity, sub-Moho layer is estimated at around 10 km (Figures 5 and 11 ). This structure is found all along the southern profile (Figure 10 ) at roughly 40-45 km depth and is probably present over the entire northern Cordillera. This layer is also characterized by strong anisotropy, indicated by a clear delay time and change in polarity on the transverse component of the receiver functions. The anisotropy orientation for the 30-60 km deep range that encompasses this layer is roughly NE-SW in the central Cordillera and almost N-S toward the Yukon-BC border. The signals associated with the sub-Moho layer are consistent with anisotropy due to a low-dipping fast axis of hexagonal symmetry (Figure 11 ).
The high-velocity nature of the sub-Moho layer is puzzling as it is inconsistent with low Pn velocities estimated using active source refraction data [Clowes et al., 2005] . Although unlikely, the low observed Pn velocities may reflect a bias in sampling along the slow axis of symmetry of the strongly anisotropic layer that we resolve here. Alternatively, the low Pn velocities may instead reflect the velocities of the uppermost mantle below the sub-Moho layer, which are assumed to be lower than normal upper mantle (7.8 and 4.3 km/s, respectively for P and S velocities). We also note that receiver functions are insensitive to absolute velocities and we could have used lower overall velocities, which trade off with estimated layer thicknesses, with a similar fit to our data. Finally, this layer appears to be bounded both above and below by sharp interfaces ( Figure 5 ).
We speculate that the sub-Moho, high-velocity layer represents the seismic signature of the thin lithospheric mantle, with a largely lherzolitic composition [Francis et al., 2010] . The inferred seismic anisotropy may then be consistent with lattice-preferred orientation of olivine due to internal shearing at the time the lithosphere stabilized or to basal shearing from subsequent tectonic events [e.g., Mazzotti and Hyndman, 2002; Audet et al., 2016] . The very low estimated thickness (~10 km) of the lherzolite layer and shallow lithosphereasthenosphere boundary (~50 km) are consistent with the lower bounds on these values estimated from xenolith data for the Cordillera [Harder and Russell, 2006] . Such a shallow lithosphere-asthenosphere boundary has important implications for the thermal state of the mantle beneath the Cordillera.
Finally, the profile of harmonic components possibly indicates the presence of dipping structures (i.e., interfaces) within the uppermost mantle beneath the Cordillera (Figure 10 ). These structures may be associated with delamination of a former dense crustal root [e.g., Zandt et al., 2004] or lithospheric mantle [Bao et al., 2014] . These signals coincide with strong radial anisotropy (V SV > V SH ) observed in this region at 70-150 km depth from the inversion of surface wave data [Yuan et al., 2011] , interpreted as downwelling material. This interpretation is consistent with the results of Bao et al. [2014] for the southern Canadian Cordillera and would imply that the high degree of apparent mantle mixing, required for homogeneously high temperatures beneath the Cordillera, may be the result of lithospheric mantle or dense crustal downwelling along the craton edge that produce upwelling of hotter asthenospheric mantle in this region.
Seismic Anisotropy, Lithosphere Strength, and Geodynamic Models
The crust and uppermost mantle structures imaged by receiver functions, as well as additional seismic data, provide important constraints on the mechanical behavior of the lithosphere during the various tectonic episodes that created the northern Cordillera. As discussed in section 7.1, the Moho geometry points to a removal of the crustal thickness variations that likely resulted from the accretion of the Cordilleran terranes during the Mesozoic. Whether by delamination of the lower crust/uppermost mantle or by extrusion of the middle/lower crust through gravitational collapse, the processes that led to the present-day flat, sharp Moho required an elevated geotherm and mechanical decoupling of the upper crust from the rest of the lithosphere for most of the Cordillera. However, the timing of these events is unknown and the seismic data cannot be used to assert whether this lithospheric strength profile can be extrapolated to the present day.
Seismic anisotropy can also provide strong constraints on the strength profile and mechanical coupling of the lithosphere during the major Cordilleran tectonic events. Combining our anisotropy data from receiver functions with those obtained using core-refracted shear wave (SKS) splitting [Snyder and Bruneton, 2007; Courtier et al., 2010; Rasendra et al., 2014; Audet et al., 2016] provides a detailed picture of variations in crustal and upper mantle anisotropy, both laterally within the Cordillera and vertically throughout the lithosphere (and possibly upper asthenosphere). Figure 12 illustrates the complexity and spatial variability of the anisotropy orientations in the crust (0-30 km), lithospheric mantle (30-60 km), and uppermost mantle (circa 40-100 km). Despite this complexity, and taking into account the limited resolution of the anisotropy orientation, especially in the intermediate 30-60 km depth range, two first-order patterns can be defined:
1. Consistency of anisotropy orientations with large-scale tectonic structures throughout the lithosphere and uppermost mantle. This is illustrated by stations in southwestern Yukon near the Denali Fault [cf., Rasendra et al., 2014; Audet et al., 2016] and, to a lesser extent, in central Yukon near the northern section of the Tintina Fault. Mean orientations for stations within~100 km of the Denali Fault trace are N115°( 0-30 km), N095°(30-60 km), and N118°(40-100 km), consistent with each other and with the fault orientation (approximately N120-130°) within their variability of about 20-30°. A similar situation is observed for the northern Tintina Fault, except for the 30-60 km depth range where orientations appear much more variable and less robust. 2. Significant variations in anisotropy orientations at various lithospheric depth ranges. This situation is best illustrated in southern Yukon, where the anisotropy orientations show clear spatial coherence within a given depth range but strong differences between the three layers. As an example, mean anisotropy orientations along the southern section of the Tintina Fault vary between N150°(0-30 km), N045°( 30-60 km), and N105°(40-100 km).
The first case (depth consistency with structures) points to a strong mechanical coupling associated with a major shear fabric developed through the whole lithosphere, likely during the accommodation of approximately 400 km of displacement on the Denali and Tintina Faults in Late Cretaceous-Early Eocene. In contrast, the second case (depth variability) suggests a mechanical decoupling of the crust from the lithospheric Journal of Geophysical Research: Solid Earth 10.1002/2017JB014284 mantle during or posterior to the main Meso-Cenozoic tectonic events. Following Audet et al. [2016] , the complexity of the anisotropy data in the southern region may reflect the interaction between crustal fabrics, mostly associated with the main tectonic structures, and mantle fabrics affected by the Liard Tectonic Zone, which marks a major boundary between the tectonics and lithosphere structures in the Northern Cordillera and Southern Cordillera.
Although these seismic anisotropy data cannot be used to validate the models proposed for the present-day geodynamic of the northern Cordillera, they provide important constraints that point to the need for some revisions. The consistency of anisotropy orientations throughout the lithosphere with the orientations of the Denali and northern Tintina Faults suggests that processes requiring crust/upper mantle decoupling, such as orogenic float or delamination [e.g., Mazzotti and Hyndman, 2002; Hyndman and Currie, 2011] , cannot have erased the inherited vertical shear fabrics. Thus, these processes, if responsible for the present-day tectonics, must have limited cumulative strain, at least near the Denali and northern Tintina Fault regions. Similarly, the uppermost mantle anisotropy directions (SKS and receiver functions) are not compatible with the northeastward mantle flow proposed by Finzel et al. [2011 Finzel et al. [ , 2014 as a driver for the present regional tectonics. Thus, if present, such an upper mantle flow must produce limited shear within the lithospheric mantle in order not to erase the inherited fabric (in contrast with plate motion marked in SKS on the Canadian craton).
Conclusion
Taking advantage of recent seismic experiments, this study provides the first exhaustive analysis of seismic structure and anisotropy in the crust and lithospheric mantle of the Northern Canadian Cordillera. The key elements are (1) flat, sharp (~1-2 km thick) Moho interface over most of the Cordillera; (2)~10 km thick high-velocity sub-Moho layer; and (3) significant anisotropy in the upper crust and uppermost mantle, related to inherited fabric near large-scale Denali and Tintina Faults, but complex in SE Yukon near the Liard transfer zone boundary. Although these results cannot discriminate between the various geodynamic models proposed to explain the present-day tectonics of the Cordillera, they provide strong constraints on these processes, in particular on the fact that neither lower crust/upper mantle decoupling (orogenic float or delamination) or upper mantle flow can be strong enough to have erased the inherited structural fabric acquired during the Meso-Cenozoic tectonic phases. These results are limited for the most part by the short acquisition period of the new stations. Completion of the Transportable Array deployment in the western part of the study area should improve the lateral resolution of these structures.
